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The aim of this study is to develop highly enantioselective conjugate reactions catalyzed 
by organocatalysts. 
Butenolide moieties are important structural subunits in many natural products and 
biologically active compounds. Hence, we hope to come out with a novel and efficient 
methodology to synthesize compounds with butenolide structural units. Due to the presence 
of potential hydrogen bonding sites on butenolide structures, we are also interested to 
investigate the effects of Brønsted-base catalysts on the reaction and attempt to achieve high 
enantioselectivity in the butenolide products obtained.  Chiral sulphonamide catalyst proved 
to be an efficient catalyst for base catalyzed conjugate addition between 2(3H)-furanones and 
maleimides. Both aromatic and aliphatic furanones substrates participated in the reaction 
catalyzed by 10mol% of the chiral sulphonamide catalyst. The enantioselectivities generally 
range from 65-75%, with yields between 60-87%.  
Hetero Michael reaction is also a very useful bond formation strategy in the synthesis of 
many biologically important compounds. To date, there has been no other oxygen nucleophile 
other than oximes that can circumvent the unreactivity and low acidity problem of oxygen 
nucleophiles. The use of Brønsted base to catalyze Oxo-Michael reaction is also observed to 
be a less established approached. Therefore, we hope to come up with a new oxo-Michael 
system using hydroxyl carbamates as a novel oxygen nucleophile catalyzed by a chiral 
Brønsted super base guanidine. We hope to achieve high enantioselectivity and improve the 
efficiency of oxo-Michael reactions. Different chiral catalysts were screened and the best 
results were obtained with chiral bicyclic guanidine. Tert-butylhydroxy carbamates worked 
well with N-phenyl and N-benzyl substituted maleimides catalyzed by 10 mol% of chiral 
bicyclic guanidine giving high yields of generally above 90%. Decent enantioselectivities of 
around 60% were achieved.  
List of Schemes 




Mukaiyama’s chiral quaternary ammonium phenoxide catalyzed conjugate 






Marouka's enantioselective Michael Reaction using C2 symmetrical spiro 















Jørgensen's first catalytic version of direct enantioselective Michael 





MacMillian’s conjugate addition of pyrrole to α,β–unsaturated aldehydes 















First catalytic asymmetric Michael reaction using unmodified aldehydes as 
donors in the addition to nitroolefins. 
  
Scheme 1.11 Pyrrolidine sulphonamide  catalyzed Michael Addition to nitrostyrenes and 









Ma and Cheng’s chiral guanidine catalyzed Michael reaction of glycinate 





Ma’s chiral guanidine catalyzed Michael reaction and Diels-Alder reaction 













Chiral bicyclic guanidine catalyzed Michael reactions of ethyl maleimide 


















Commonly used methods in the synthesis of butenolide structure 
compounds. 
  



















Chiral bifunctional Sulphonamide-catalyzed conjugate addition reactions 













Chiral sulphonamide 105c catalyzed conjugate addition of phenyl 2(3H)-





Chiral sulphonamide 105c catalyzed conjugate addition of 2(3H)-furanones 





Jørgensen’s et al. conjugate addition of benzylhydroxylamines to N-





Sibi’s enantioselective conjugate addition of hydroxylamines to pyrazole 
templates. 
 
Scheme 3.3 MacMillan’s highly efficient system of the addition of silyated 





Enantioselective conjugate addition of benzotriazoles to nitrostyrenes 











Deng’s enantioselective conjugate addition of 2-thionapthol to cyclic 






Enantioselective conjugate additions of different thiols to substituted α,β-





Wynberg’s conjugate addition of thiocarboxylic acids to cyclohexanones 





Wang’s conjugate addition of thiocarboxylic acids to α β-unsaturated 



















Jørgensen's highly efficient system of enantioselective conjugate addition 



































Enantioselective conjugate addition reaction between hydroxycarbamate 









Enantioselective conjugate addition reaction between different hydroxyl 







List of Tables 
Table 1.1 Influence of different ester functional group of malonate on the reaction of 
enantioselective Michael addition of malonates 22a-22i to 














Effects of the structures of the chiral catalysts in catalytic conjugate 






Solvent and Temperature effects on the catalytic conjugate addition of 





Chiral sulphonamide 105c catalyzed conjugate addition of phenyl 2(3H)-





Chiral sulphonamide 105c catalyzed conjugate addition of methyl 2(3H)-





Influence of different R groups on the enantioselective conjugate addition 






Scope of Jørgensen’s highly efficient system of enantioselective conjugate 





Effect of the structures of the chiral catalysts in the catalytic conjugate 




Table 3.4 Solvent and Temperature effects on the catalytic conjugate addition of 





Effects of the different maleimides on the enantioselectivity of the reaction 















Enantioselective Oxo Michael reactions of hydroxycarbamates 156a with 











List of Figures 
Fig 1.1 Publications for asymmetric organocatalytic conjugate additions and 


























Proposed transition state of enamine catalyzed conjugate addition of 
ketones to nitrostyrene.  
 
 
 Fig 1.7 
 
Transition States of the addition of α-hydroxy- and α-alkoxycarbonyl 

















Examples of functionalized butenolide structures. 
  




Proposed mechanism for the sulphonamide catalyzed synthesis of 























List of Abbreviations 
A Armstrong 











oC degrees (Celcius) 
δ chemical shift in parts per million 
Cbz cyclobenzyl 
CH2Cl2  dichloromethane 
CHCl3 chloroform 
DNBA 2,4-dinitrobenzoic acid   
DMAP 4-dimethylaminopyridine 
DMSO dimethyl sulfoxide 
dd doublet of doublet 
dr diastereomeric ratio 
ee enantiomeric excess 
EI electron impact ionization 




Et2O diethyl ether 
Et3N triethylamine 
FAB fast atom bombardment ionization 





HPLC high pressure liquid chromatography 
HRMS high resolution mass spectroscopy 
Hz hertz 
i.d. internal diameter 
IR infrared 
J coupling constant 










MS mass spectroscopy 
NMR nulcear magnetic resonance 
π pi 
ppm parts per million 
iPr isopropyl 




TFA trifluroacetic acid  
THF tetrahydrofuran 
TLC thin layer chromatography 
TS transition state 
TsCl para-toluenesulfonyl chloride 



























       Chapter 1 
2 
 
Conjugate addition of nucleophiles to electron-poor alkenes is one of the most 
important and frequently used bond forming strategies in synthetic chemistry. The wide 
variety of donors (which can be carbon or other heteroatoms eg. H, N, O, S, Si, P, Se, Sn, I) 
and acceptors (any activating groups eg. ketones, aldehydes, esters, amides, nitriles, nitro, 
sulfonates, sulfoxides, phosphates, phosphonates) that can be used make the reaction very 
appealing. The increasing demand for enantiomerically pure compounds in the 
pharmaceuticals has led to a significant growth in the catalytic asymmetric version of this 
reaction using chiral catalysts, especially organocatalysts. This can be seen by the 
publications that dominate the asymmetric organocatalytic field over the years (Fig 1.1).1   
 
Figure 1.1 Publications for asymmetric organocatalytic conjugate additions and organo 
catalytic reactions from 2000-2006. 
 
Asymmetric organocatalysts are small chiral organic molecules that provide a chiral 
environment for the enantioselective products to be formed. The chiral catalyst interacts with 
the substrates in a number of ways depending on the type of catalyst used as shown in Figure 
1.2. The 4 main mechanistic pathways are ion-pairing interactions using phase transfer 
catalysts (A, Fig 1.2), chiral iminium ion interaction with the acceptor (B, Fig 1.2), chiral 
enamine interaction with the nucleophile (C, Fig 1.2), and hydrogen bonding interactions 
using thioureas (D, Fig 1.2).  
                                                            
1 D. Almasi, D. A. Alonso, C.  Najera, Tetrahedron: Asymmetry. 2007, 18, 299‐365 




Figure 1.2. 4 Main mechanistic pathways of organocatalytic conjugate addition. 
Ion-pairing Interactions: 
Ion-pairing interactions occur when phase transfer catalysts are employed. The 
nucleophile is first deprotonated to form an enolate that ion-pairs with a chiral ammonium 
cation. This interaction results in enantioface discrimination as the chiral enolate-ammonium 
pair interacts with the conjugate acceptor, blocking one side of the substrate hence resulting 
in induction of enantioselectivity.2  Phase transfer catalysis most commonly uses ammonium 
salts derived from cinchona alkaloids. Corey and co-workers reported a highly efficient chiral 
phase transfer system using chiral quaternary ammonium salt 7 with solid hydrated caesium 
hydroxide as a base to give high ee values of 99% (Eq. a, Scheme 1.1).3 The Michael adduct 
3 can be further reduced to give functionalized α-amino acid derivatives. Since 7 has been 
proven to be an extraordinarily effective and useful catalyst for Michael reactions, the 
catalyst was modified to 8 which gave satisfactory results in the Michael reaction between 
chalcones and acetophenone (Eq. b, Scheme 1.1) in which the product is of synthetic 
importance to the synthesis of (S)-ornithine.4  
Corey also proposed a mechanistic model of the interaction between the substrates 
and the chiral quaternary ammonium ion 8, explaining its stereoselectivity (Fig 1.3). After 
deprotonation of acetophenone, the enolate forms an ion-pair with the quaternary ammonium 
catalyst. The chalcone is in a position where the carbonyl oxygen is positioned close to the 
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9-anthracenyl subunit of the catalyst and the phenyl ring of the acetophenone enolate holds 
the substrates closer together for the reaction to occur.4 
 
Scheme 1.1. Corey’s chiral quaternary ammonium catalyzed conjugate addition. 
 
Figure 1.3. Model of the interaction between the chiral ammonium salts and the substrates. 
In 2006, Mukaiyama used chiral quaternary ammonium phenoxides 9 derived from 
Cinchona alkaloids as catalyst to prepare chiral 3, 4-dihydropyran-2-one derivatives. This 
reaction between α,β-unsaturated ketones and silyl enolates undergoes a tandem Mukaiyama 
–Michael addition followed by lactonization to give high enantioselectivites (Scheme 1.2).5 
 
Scheme 1.2. Mukaiyama’s  chiral quaternary ammonium phenoxide catalyzed conjugate 
addition in a tandem Mukaiyama –Michael addition/ lactonization. 
                                                            
5 Tozawa, T.; Yamane, Y.; Mukaiyama, T. Chem Lett. 2006, 35, 56‐57 




Figure 1.4. Examples of cinchonidium alkaloids that are used as phase transfer catalysts. 
Besides using cinchonidium alkaloids, other chiral ammonium salts can also be used 
as phase transfer catalyst. Maruoka developed new chiral C2 – symmetrical spiro ammonium 
salts as catalysts.6,7 One example is catalyst 13, which can efficiently catalyze the conjugate 
addition of malonate 11 and chalcone derivative 10 (Scheme 1.3).8,9,10 13 possess a 
diarylhydroxymethyl functionality that can act as a recognition site (like a pocket) for the 
electrophile, providing a chiral environment within the pocket for the reaction to take place. 
 
Scheme 1.3 Marouka's enantioselective Michael Reaction using C2 symmetrical spiro amm- 
onium salt catalyst. 
 
Imine Catalysis: 
In iminium catalysis, the chiral amine catalyst reacts with the carbonyl species to form 
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reactions such as Knoevenagel condensations, cleavage of β-bonds adjacent to the α-carbon 
and cyclo- and nucleophilic additions.11  
In enantioselective conjugate addition, the pioneering work via iminium catalytic 
cycle was done by Yamaguchi in 1993. Rubidium salt of L-proline 17 was used as the 
catalyst in the Michael addition of dimethyl malonate 15 to α,β–unsaturated ketones 14 in 
chloroform.12 Enantioselectives of up to 77% were achieved with only 5 mol% of the 
catalyst. Yields of the adducts 16 were very low when L-proline and methylated L-proline 
were used.   Yamaguchi hence postulated that both the secondary amine moiety and the metal 
carboxylate moiety of 17 are essential for the high catalytic activities and that the catalyst 17 
not only functions as a base but is also involved in some substrate activation. This is the first 
postulation on iminium catalysis.  
 
Scheme 1.4 Yamaguchi's first discovery of iminium catalysis. 
In 2000, Hanessian and Pham used L-proline as the catalyst in the presence of trans-2, 
5-dimethylpiperazine as an additive in the reaction of conjugated nitro compounds to cyclic 
enones.13 The results obtained were significantly better than the reactions that were done with 
rubidium salts of proline as can be seen in Scheme 1.5. No mechanistic study was done but a 
non-linear effect (relationship between the percentage ee of the Michael adducts 19 and the 
percentage ee of the proline used) in Scheme 1.5 was observed for the reaction as compared 
                                                            
11 For examples, see: (a) Knoevenagel reaction, review: L. F. Tietze,  in Comprehensive Organic Synthesis, ed. B. M. Trost, 
Pergamon Press,New York, 1991, vol. 2, pp. 341–394.;  (b) Diels–Alder  reaction:K. A. Ahrendt, C.  J. Borths and D. W. C. 
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to a linear effect for both the rubidium prolinate, 17 and the L-proline 20 (in the presence of 
piperidine) catalyzed reaction. This suggests that the reaction has a complex multicomponent 
chiral catalytic system under the influence of the additive trans-2, 5-dimethylpiperazine. 
 
Scheme 1.5 Hanessian and Pham's L-Proline catalyzed Michael reaction with additives. 
 
In 2003, Jørgensen et al. found good enantioselectivities in the first catalytic version 
of the direct enantioselective Michael addition of malonates to acyclic enones catalyzed by 
chiral imidazolidine 24.14 It was found that the ester group has a large steric effect on the 
yield and enantioselectivity of the reaction. Malonates with sterically less hindered groups 
(eg. Me) 22a, afforded moderate enantioselectivity of 73% ee (Table 1.1, entry 1) while for 
malonates with sterically more hindered ester groups like 22c, 22d, and 22i (entry 3, 4 and 9), 
the reaction rate decreased and very low yields were obtained. High enantioselectivities and 
high yields were observed with medium-sized malonates 22b and 22e-h.  The best result was 
obtained with dibenzyl malonate 22f (entry 6), affording yield of 93% yield and 
                                                            
14 N. Halland, P. S. Aburel, K. A. Jorgensen, Angew. Chem. Int. Ed. 2003, 42, 661– 665; 
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enantioselectivity of higher than 99% ee. Unfortunately the diastereoselectivities with non-
symmetrical malonates 22g and 22h were low (Table 1.1, entries 7, 8) although ee values 
were good.  
 
Scheme 1.6. Jørgensen's first catalytic version of direct enantioselective Michael addition of 
malonates to acyclic enones. 
 
Table 1.1 Influence of different ester functional group of malonate on the reaction of 
enantioselective Michael addition of malonates 22a-22i to benzylideneacetone 21 catalyzed 
by 24.a 
Entry Malonate  R R’ t(h) d.r. Yield of 23 [%]b ee [%]c 
1 22a Me Me 120 - 66 73 
2 22b Et Et 120 - 73 91 
3 22c iPr iPr 210 - 26 71 
4 22d tBu tBu 210 - <5 ndd
5 22e Allyl allyl 150 - 92 89 
6 22f Bn Bn 150 - 93 >99 
7 22g Bn Me 150 1:1.5 92 98/ 97 
8 22h Bn Et 150 1:1 90 90 
9 22i Et tBu 150 1:1.3 <10 ndd
[a] Experimental conditions: 2a (0.5 mmol) and 1 (0.05 mmol) were added to 3 (1.0 mL) and 
the reaction mixture was stirred at ambient temperature for the time indicated in the table. [b] 
Unoptimized yields determined by GC. [c] Determined by chiral stationary-phase HPLC, see 
Supporting Information; nd:not determined. [d] Determined by chiral stationary-phase HPLC 
after decarboxylation,a nd: not determined 
 
The absolute configuration of the Michael adducts were found to be R which is in 
agreement with an iminium ion intermediate formed by activation of enone by the chiral 
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catalyst. As can be seen in Figure 1.5, the Re face of the enone of the intermediate is blocked 
by the benzyl group of the amine catalyst, leaving the Si face open for attack of the malonate 
nucleophiles.  
 
Figure 1.5. Proposed iminium ion intermediate. 
In 2001, Macmillan also proposed a similar iminium ion intermediate as shown in 
Fig. 1.5 in the enantioselective conjugate addition of pyrrole 25 to α,β–unsaturated aldehydes 
26. Similar catalyst 28 was employed except that the carboxylate group of the imidazole is 
replaced by a dimethyl group and an additional carbonyl group. Excellent enantioselectivites 
were observed regardless of the N-substitution on the pyrrole substrate. However, on addition 
of the propyl group on C(3) of the pyrrole ring, the ee increased to 97% with a high dr ratio 
of 98:2.15  
 




In enamine catalysis, the enamine intermediate is catalytically generated via 
deprotonation of the iminium ion that is formed initially. The enamine intermediate then acts 
as a nucleophile attacking the Michael acceptors. List et al. reported the first enantioselective 
                                                            
15 N. A. Paras, W. C. MacMillan, J. Am.Chem. Soc., 2001, 123, 4370‐4371 
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Michael addition of ketones to nitroolefins catalyzed via an enamine catalytic route using L-
proline 20.16 Although the ee values were low, the yields were comparable to reactions that 
were done using stochiometric amount of preformed enamines with nitroolefins.17,18   
 
Scheme 1.8. First enantioselective Michael addition of ketones to nitroolefin catalyzed by 
enamine. 
 
In 2002, Enders et al. proposed an acyclic synclinal transition state (TS) based on 
Seebach’s model (Scheme 1.8)18 to explain the syn diastereoselectivity and the absolute 
configuration observed (Fig 1.6). The partial positive nitrogen of the enamine and the partial 
negative nitro group of the olefin lie in close proximity due to the electrostatic charges. In 
addition, intermolecular hydrogen bond forms between the carboxylic acid moiety and the 
nitro group, holding the substrates in such a way that only one diastereorisomer can be 
formed.  
 
Figure 1.6 Proposed transition state of enamine catalyzed conjugate addition of ketones to 
nitrostyrene.  
 
In 2003, Alexis and co-workers used α-hydroxy- and α-alkoxycarbonyl compounds 
32 to react with nitroolefins 33 using a chiral diamine catalyst to further investigate the 
regioselectivity of non-symmetrical ketones.19 As shown in Scheme 1.9, when R-
methoxyacetone was used, the syn isomer 34a was the major product obtained whereas R-






       Chapter 1 
11 
 
be explained by Fig 1.7, where the hydroxyl group of the ketone forms an additional 
hydrogen bond with the tertiary amine of the catalyst which leads to the cis instead of the 
trans-enamine.  When the nitrogen was used instead of an oxygen group, linear addition 
product 34d was obtained. The balance between steric effects and acidity seems to favour the 
terminal enamine formation. 
 



















TS 2TS 1  
Figure 1.7 Transition States of the addition of α-hydroxy- and α-alkoxycarbonyl compounds 
to nitroolefin using catalyst 35. 
 
Due to the difficulty in controlling reactions of enolates and enols of aldehydes, there 
had been no examples of direct catalytic asymmetric conjugate additions of unmodified 
aldehydes. Barbas and co-workers was the first group to employ unmodified aldehydes 36 as 
donors in catalytic asymmetric Michael reaction. A highly diastereoselective direct catalytic 
       Chapter 1 
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Michael reaction was achieved with the addition of aldehydes to nitroolefins 37 using (S)-2-
(morpholinomethyl)-pyrrolidine 39 as catalyst as shown in Scheme 1.10. 20,21  
In the addition of aldehydes, the enantioselectivities obtained were mostly modest for 
linear substrates with chiral diamine catalysts like 3, 3’-bimorpholine derivatives22 and (S)-
pyrrolidine derivatives.23,24 In 2006, Wang et al. used pyrrolidine sulphonamide catalysts 43 
in which linear aldehyde substrates 40 could yield products 42 with enantioselectivity as high 
as 96% ee.25,26 As can be seen in Scheme 1.11, the calculated transition state of the reaction 
involves a molecule of water from the alcohol solvent. This water molecule helps in holding 
the Michael acceptor close to the catalyst which has formed an enamine with the aldehydes. 
Lower energy barrier was calculated for the Si face attack which corresponds to the 
regiochemistry of the products 42 obtained. 
 
Scheme 1.10 First catalytic asymmetric Michael reaction using unmodified aldehydes as 














Scheme 1.11 Pyrrolidine sulphonamide catalyzed Michael Addition to nitrostyrenes and its 
proposed transition state. 
 
Hydrogen Bonding: 
Electrophile activation by small chiral hydrogen bond donors has become increasingly 
common especially in the last decade. The most common of which are thioureas that directly 
activates the conjugate acceptor and decreases its electron density for nucleophilic attack. 
Thioureas and ureas usually work very well as organocatalysts as the bidentate nature of the 
binding interaction is very appealing because it removes some conformational degrees of 
freedom hence usually resulting in high enantioselectivity.27 
In 2003, Takemoto and co-workers speculated that the addition of a base into a 
thiourea catalyst will facilitate a favourable interaction between the catalyst 47 and the 
substrates of the Michael addition between 1,3 dicarbonyl compounds 45 and conjugated 
nitro acceptors 44 (Scheme 1.12). Takemoto and co-workers screened a series of thioureas 
and it was found that that in order for high yield and high enantioselectivity to be achieved, a 
thiourea and a tertiary amino group within the catalyst were necessary.28 High ees of above 
90% were achieved with aryl substituents of nitro olefins in contrast with a decreased in ees 








Scheme 1.12 Takemoto’s Michael addition of malonates to nitroolefins catalyzed by 
thiourea. 
 
In 2005, Takemoto investigated the structure-activity relationship of thiourea catalysts 
in the Michael reaction of Scheme 1.12.29 Kinetic studies show that the reaction is first-order 
in 44, 45 and the thiourea catalyst 47. From the kinetic results, a plausible mechanism was 
proposed in Fig 1.8. The amino group of 47 first deprotonates the acidic proton of 45 and 
subsequently form a complex A with the resulting enolate anion. The nitroolefin 44 interacts 
with complex A by forming hydrogen bonding with the thiourea group resulting in the 
formation of a ternary complex B or C. From the absolute configuration of the products 
formed, complex B is formed instead of complex C. This chiral scaffold holds the substrates 
in close proximity for the conjugate addition to take place forming complex D. The last step 








Figure 1.8 Transition-state models of Michael reaction of malonate. 
Wang and co-workers subsequently developed novel thiourea catalysts in the Michael 
addition of the less reactive 1,3 diketones to nitroolefins as well as the Michael addition of 
diesters to enones. Both gave excellent enantioselectivites and high yields (Fig. 1.9).30 
Thioureas are not the only class of catalysts that work via hydrogen bonding. 
Brønsted base catalysts usually those with a diamine moiety can also work via hydrogen 
bonding to catalyze the reaction. The secondary amine group of the Brønsted base catalyst 
usually deprotonates an acidic proton from the Michael donor forming an ammonium cation. 
The ammonium cation and the primary amine group then forms hydrogen bonding with the 










Figure 1.9 Wang’s conjugate addition of dicarbonyl compounds catalyzed by thiourea.  
Guanidine catalysts are one class of catalysts that utilizes its strong basicity to abstract 
less acidic protons and its special hydrogen bonding pattern of the guanidinium ion. In 1999, 
Ma reported that chiral guanidines 59a-d catalyze the Michael reaction of glycinate 56 to 
ethyl acrylate 57 (Scheme 1.13).31 Although the yields were high, the ees obtained from the 
four different catalysts only ranged within 6-29%. It has previously been known that 
guanidines could be used for molecular recognition of carboxylate anions because of their 
ability to form strong zwitterionic hydrogen bonds.30 Ma and co-workers then proposed a 
possible transition state of the reaction in which the guanidinium ion of 59a forms a complex 
A with the deprotonated anion of 56 which then reacts with acrylic ester 57 to deliver the 
addition product 58. 
Ma also reported that chiral guanidine 59a catalyzed the Michael reaction and Diels-
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ee and 67% yield was obtained for the Michael addition product 63, while the Diels-Alder 
product 62 was obtained in minimal yield (<3%) with no ee determined.  
 
Scheme 1.13 Ma and Cheng’s chiral guanidine catalyzed Michael reaction of glycinate and 
the proposed transition state. 
 
Scheme 1.14 Ma’s chiral guanidine catalyzed Michael reaction and Diels-Alder reaction 
between anthrone and maleimide. 
 
In 2001, Ishikawa used the guanidine 66 to catalyze the Michael reaction of glycinate 
56 under solvent free condition (Scheme 1.15).33 Good yield (85%) and high ee (97%) were 
obtained with the reaction of ethyl acrylate 57. It seems that this reaction only works well for 
acrylates. The reaction of acrylonitrile 64 only gave the product 65 in 79% yield and 55% ee. 
In addition, the typical reaction time was 3-5 days. From the experimental results observed, 
Ishikawa proposed a transition state that similarly makes use of the hydrogen bonding 
between the guanidine catalyst 66 and the Michael donor 56 (Fig. 1.10). 
                                                            
33 . Ishikawa, Y. Araki, T. Kumamoto, H. Seki, K. Fukuda, T. Isobe, Chem. Commun. 2001, 245–246 




Scheme 1.15 Ishikawa’s chiral guanidine catalyzed Michael reaction of glycinate. 
 
Figure 1.10 Ishikawa’s proposed transition state.  
In 1995, Davis reported that chiral bicyclic guanidine 70 catalyzed the nitro Michael 
reaction between 67a-c and 68 giving products 69a-c in 9-12% ees (Eq. 1, Scheme 1.16).34 
Similar reaction between 2-nitropropane 71 and chalcone 72 was catalyzed by Murphy’s 
tetraguanidinium salt 74, albeit with moderate yield (70%) and unsatisfactory ee (23%) (Eq. 








Scheme 1.16 Chiral guanidine or guanidinium catalyzed nitro Michael reaction. 
Our group developed an efficient asymmetric Michael reaction using the C2-
symmetric bicyclic guanidine 78 as the catalyst (Scheme 1.17).36 The initial investigation 
revealed that 1,3-diketones 76a and β-keto ester 76b added to maleimides with high 
enantioselectivity. The Michael adducts 77a-b were obtained in high yields and high ees. 
However, these reactions were slow and required 20 mol% of catalyst. To improve the 
reaction rate, the more reactive β-keto thioesters 76c-d and dithiomalonate 76e-f were tested, 
the reaction rate was considerably enhanced. Using guanidine 78 as the catalyst, adducts 77c-
f were obtained in high yields and excellent ees with diastereomeric ratios of approximately 
1:1 (77c-d). The catalyst loading of 78 can be decreased to 1 mol% for substrate 76d. 
Other cyclic substrates, such as cyclic enones and furanones were also explored as 
substrates for this reaction (Scheme 1.18). In general, these reactions were slow. The 
reactions with various thioesters gave adducts 80a-d in excellent enantioselectivities and high 
yields. To extend the scope of this reaction, it was found that ethyl trans-4-oxo-4-phenylbut-
2-enoate 76f was a useful acyclic Michael acceptor (Scheme 1.19). With 5 mol% of 
guanidine 78, dialkyl dithiomalonate 76f reacted smoothly to give adduct 82 in high yields 








Scheme 1.17 Chiral bicyclic guanidine catalyzed Michael reactions of ethyl maleimide and 
1,3-diketones, β-keto esters, dithiomalonates.  
 
 
Scheme 1.18 Chiral bicyclic guanidine catalyzed Michael reactions of cyclic enones and 
furanone. 




Scheme 1.19 Chiral bicyclic guanidine catalyzed Michael reactions of alkyl trans-4-oxo-4-
arylbutenoates. 
 
Over the years, there has been an enormous growth in enantioselective conjugate 
addition methodology. Many nucleophiles can now be added with good stereoselectivity with 
the design of novel and efficient organocatalysts. Depending on the nature of nucleophiles, 
the catalyst to be used can undergo via different mechanisms such as, ion-pairing interaction, 
imine and enamine formation and via hydrogen bonding.  
In summary, reactions that undergoes via ion-pairing interaction as best done by 
Maruoka, developed new chiral C2–symmetrical spiro ammonium salts as catalysts to give 
high enantioselectivity between the conjugate addition of malonate and chalcone derivatives. 
The chiral ammonium salts forms an ion-pair with the enol formed and provides the chiral 
environment for the attack to occur.  
The most commonly used catalysts in conjugate addition are catalysts that go via the 
imine mechanism. Proline and proline derivatives have been widely used, yielding Michael 
adducts of high enantioselectivity. The area was further explored by Macmillan’s pyrrole 
type of catalyst giving not only high enantioselectivities but high regioselectivities as well. 
The most powerful catalysts of which are catalysts that performs via hydrogen 
bonding mechanisms. Thioureas and guanidines are well known in this class of catalysts. 
There is also potential development of novel and less reactive nucleophiles especially in 























2.1 Significance of Butenolide Moiety 
 
2.1.1 Importance of Butenolide moiety 
Functionalized butenolide structures are present in natural products especially marine 
natural products.37 This class of products is known as Furanocembranolides, which have 
common structural features of a 12- to 14-membered methylfuran carbocylic skeleton 
possessing a butenolide structure.38 These compounds can be isolated from various soft corals 
species in tropical and temperate waters and they are known to display interesting biological 
activities. To date, reports have shown that several members of this class of natural products 
have therapeutic effects such as anticancer and antiinflammatory effects. Kallolides A 83, 
found in Carribean gorgonian Pseudopterogorgia kallos, has antiinflammatory activities.39 
Pinnatin A 84 and Pinnatin B 85 belonging to the same class of products also have significant 
differential antitumour activities in the National Cancer Institute’s 60-cell-line tumour  
panel.40, 41 
 










In the meantime, butenolides have been reported to be the basic structural units of the 
precursors of nucleotides.42 The simplicity of having a one-step synthetic route to convert 
butenolides 86 into precursors of nucleosides, tert-butyl(furan-2-yloxy)dimethylsilane 
(TBSOF) 87 (Scheme 2.1) makes butenolides highly important in nucleoside synthesis. It can 
play a part in the setting up of a model nucleoside library to allow more understanding of the 
human genome.  
 
Scheme 2.1. One step synthetic route to precursors of nucleosides. 
 
2.1.2 Exisitng Protocols 
Despite its large importance, there are limited numbers of existing protocols to 
synthesize butenolide structured compounds. Mukaiyama Aldol and Mukaiyama Michael 
reactions are the most commonly used methods (Scheme 2.2). Yoshii et al. was the first to 
report the catalytic coupling of siloxyfurans with aldehydes using Lewis acid via Mukaiyama 
aldol reaction to prepare a variety of butenolide compounds (Scheme 2.2). 43  This reaction 
was further refined by Takei in his pursuit of synthesizing natural products (with butenolide 
moiety) such as Macrolide antiobiotic (+) A26771B44 and stereoselective Z- and E- 









products were generally high, there were no reports on achieving enantiomerically pure 
products, rather more attention has been given to its diastereoselectivity instead.  
 
Scheme 2.2 Commonly used methods in the synthesis of butenolide structure compounds. 
In 1997, Katsuki and co-workers demonstrated the Michael addition of 2-
(trimethylsilyloxy)furans to oxazolidinone enoates giving butenolide structures of high yields 
and high enantioselectivitives catalyzed by chiral Lewis acid 92 (Scheme 2.3).46 Hexafluoro-































88a 89 90 91
Yield = 85%
d.r. = 8.5 : 1 (anti : syn)
ee = 95%
Scheme 2.3.  Katsuki’s addition of siloxyfurans to oxazolidinones using BINOL amine 
catalysts. 
 There have been few reports on 1, 4 addition of siloxyfurans to electron deficient 






activation47 (Eq. 1) in preference to 1,4-olefin addition with ambident electrophiles such as α, 
β-unsaturated aldehydes.48,49  
 In 2003, Macmillan and co-workers reported the first 1,4-addition of enantioselective 
butenolide synthesis catalyzed by the amine salt 2,4-dinitrobenzoic acid (DNBA) of  chiral 
imidazolidinones.50 The steric constraints of the catalyst prevents 1,2-addition and selectively 
produces only 1,4-addition products with high levels of both enantio- and 
diastereoselectivity.  
 
Scheme 2.4. Macmillan’s first enantioselective butenolide synthesis catalyzed by chiral 
imidazolidinones salt. 
The Michael adducts obtained were further utilised in a four-step synthesis of 
















used as a  biosurfactant for metal decontamination processes52 and  fine polymer 
production.53  
 
Scheme 2.5. Synthesis of spiculisporic acid using butenolides as precursors.  
All of these approaches use siloxyfuran as a donor. However, the use of siloxyfurans 
as substrates can be cumbersome, as an additional step is required to convert the alcohol to 
silyl ether. This step generally leads to a moderate yield of 60-80%, which could affect the 
overall yield of the reaction.14 The scope of substrate is also restricted as the substituents on 
the furanyl 5-position must be tolerant of the conditions in the conversion of furans to 
siloxyfurans. At higher temperatures, elimination of the siloxy substituents would occur 
which might give side products that would interfere with the reaction.54 Furthermore, the 








Therefore we hope to come out with a novel and direct protocol to synthesize 
compounds with butenolide moiety. Due to the presence of potential hydrogen bonding sites 
on butenolide structures, we are also interested to investigate the effects of Brønsted-base 
catalysts on the reaction and attempt to achieve high enantioselectivity in the butenolide 
products obtained.   
 
2.2 Chiral Sulphonamides catalyzed Michael Reaction between 2(3) H- 
furanones and N-alkyl/ N-aryl Maleimides 
 
2.2.1 Direct Michael Reaction between 2(3H)-furanones and Maleimides catalyzed by 
Triethylamine 
In the preliminary studies, furanones 102 were used as donors to attack N-benzyl 
maleimide 103 with the presence of a base, triethylamine to give products of butenolide 
structures 104 (Scheme 2.6).  
 
Scheme 2.6 Direct Michael reaction using 2(3H)-furanones catalyzed by Et3N. 

























2 102b Ph 60 104b 79 
3 102c 4-Cl-C6H4 60 104c 88 




5 102e 4-OMe-C6H4 70 104e 77 
6 102f 4-Me-C6H4 150 104f 88 
aIsolated yield. 
102b (Table 2.1, entry 2) gave satisfactory result with 79% yield and completion 
within 1h. We decided to pursue the results and embarked on the study of direct Michael 
addition between 2(3H)-furanones and N-benzyl malemide. In order to understand the 
electronic nature of the reaction, different substituted phenyl furanones were reacted with N-
benzyl maleimide (Table 2.1, entries 3-6). The reaction is able to proceed at room 
temperature with a low catalyst loading of 10mol% in dichloromethane, giving moderate to 
high yields. Aromatic donors with electron withdrawing substituents (entries 3, 4 and 6) gave 
higher yields as compared to the rest of the substrates. Alkyl donors (entry 1) gave generally 
lower yields of only 67%. Longer reaction time was also observed for aromatic furanones as 
compared to methyl furanone 102a which gave a much faster rate of 20 minutes. This could 
be due to the bulkiness of the substrate. The aromatic benzene ring could render the substrate 
too bulky for the maleimide to come in to react. The activation energy increased and longer 
reaction time results. Para substituted fluorine (entry 4) gave exceptionally high yield of 
99%. 
To prove the generality of the reaction, various acceptors were also screened (Table 




were reacted with different maleimides. Indeed high yields of >90% were achieved when 
substituted aromatic furanones were used except for entry 1 in Table 2.2.  
 

























2 103c Et 60 104h 99 
3 103d Ph 20 104i 94 
4 103e 2,6-iPr2-C6H3 100 104j 91 
5 103f 2-C6H5-C6H4 40 104k 96 
6 103g 3-Cl-C6H4CH2 90 104l 98 
aIsolated yield 
As observed from Table 2.2, the reaction seemed to be unaffected by the electronic 
nature of the Michael acceptors. Both electron donating N-ethylmaleimide (Table 2.2, entry 
2) and electron withdrawing chlorine substituted N-benzylmaleimide (entry 6) gave high 
yields. 
The yields in both Table 2.1 and Table 2.2 provided good evidence that this reaction 
proceeded well with various different substrates and was feasible for further investigations.  
 
2.2.2 The effects of the catalyst structure on the enantioselectivity  
Preliminary results with an existing catalyst 105a in our laboratory, gave an optimistic 




sulphonamide catalyst system do provide a chiral environment for the reaction and thereby 
induces chirality in the product. We decided to explore further into utilizing the 
sulphonamide catalyst to catalyze the enantioselective conjugate addition of 2(3H)-furanones 
106b to N-benzyl maleimide 107a. 
In order to find an efficient catalyst for the system, we decided to screen our catalysts 
in 4 different categories that we speculate could affect the enantioselectivities of the products. 
 
 
Figure 2.2 Modifications that can be made to the catalyst. 
 
 
Scheme 2.7. Chiral bifunctional sulphonamide catalyzed conjugate addition reactions 













Table 2.3 Effects of the structures of the chiral catalysts in catalytic conjugate addition of 





















































































































































 aIsolated yield. bDetermined by chiral HPLC analysis.  
First, we tried to modify the sulphonamide group by increasing the steric bulk of the 
catalyst (Table 2.3, entries 1-3). It was found that by increasing the size of the substituents on 
the benzene ring of the sulphonamide group, the ee increased from 10% with 105a (entry 1) 




Replacement of the pyrrolidine ring with other ring sizes did not seem to improve the 
results and instead decreases the ee. Under the same conditions, ees of 43%, 33%, 47% 
(entries 4-6) were obtained for the reactions catalyzed by 105d, 105e and 105f respectively. 
The chiral recognition of those catalysts were lower than that of 105c. Attempts to modify the 
steric properties of the tertiary amine were continued by increasing the size of substituents on 
the amine ring. However, catalysts 105g and 105h did not improve the enantioselectivities 
with ees of only 30% and 3% respectively. Interestingly, when the chirality of the catalyst 
was inversed 105k, there was no chiral induction at all (entry 11). 
Hydrogen bonding has often been utilised in organocatalytic reactions, giving 
excellent enantioselective results. Soriente and co-workers employed urea derivative catalysts 
via hydrogen bonding mechanisms to yield highly enantioselective butenolide structures.55 
Inspired by these results, we attempted to enhance the tertiary amine by putting a hydroxyl 
group onto the pyrrolidine ring 105i.  However, a low 28% ee was achieved (entry 9), which 
neither shows favourable interaction with the catalyst nor provide any appropriate steric 
hindrance for the control of the substrate’s binding conformation to the catalyst. The 
hydroxyl group was later protected with tert-butyldimethyl-silane 105j. The 






Our group has previously employed bicyclic guanidines and obtained favourable 
results in the conjugate addition of malonates to maleimides giving high yields and high ee 
values.37 We were thus interested to use catalysts 106a and 106b into our conjugate reactions. 
However, the chiral recognition of this class of catalysts was low with 5% ee in the reaction 
catalyzed by 106a and 10% ee with 106b.  
 
2.2.3 Synthesis of Chiral Sulphonamide Catalysts 
There have been several reports56 employing sulphonamide moiety in catalysts to give 
excellent enantioselective results. Pyrrolidine trifluoromethanesulfonamide catalysts have 
been reported by Wang to promote a direct and highly efficient α-aminoxylation of aldehydes 
and ketones with nitrosobenzene.19b The high aciditity of trifluoromethanesulfonamide 
attached to pyrrolidine is believe to behave like proline as a bifunctional catalyst to catalyze 
enantioselective reactions. We were thus interested to employ this type of catalyst into our 
proposed conjugate addition reaction of 2(3H)-furanones.  
The sulphonamide catalysts 105 could be prepared via 2 synthetic routes (Scheme 2.8 
and Scheme 2.9) in which the choice of the route is dependent on the starting material used. 
Chiral sulphonamide catalysts from amino alcohol (Scheme 2.8) such as 105d were prepared 
according to reported procedures as shown below.57 Formation of aziridine from the amino 


















































Scheme 2.8. Synthesis of Chiral Sulphonamide Catalyst 105d from amino alcohol. 
Scheme 2.9 begins with an amino acid, followed by protection of the amine group, 
and substituting the hydroxyl group with a secondary amine. The final product 105c is 









Scheme 2.9. Synthesis of Chiral Sulphonamide Catalyst 105c from amino acids.                
 
2.2.4 Optimization Studies on reaction of 2(3H)-furanones and N-Benzylmaleimides 
 
Scheme 2.10. Chiral sulphonamide 105c catalyzed conjugate addition of phenyl 2(3H)-
furanones 102b to N-benzyl maleimide 103a in different conditions. 
We found that the reaction of phenyl 2(3H)-furanones 102b and N-benzylmaleimide 
103a can be efficiently catalyzed using 10 mol% of the chiral sulphonamide 105c (Scheme 
2.10). With 105c as the optimal catalyst, the reaction was optimized by changing other 









Table 2.4 Solvent and Temperature effects on the catalytic conjugate addition of phenyl 

























2 Et2O rt 21 91 57 
3 THF rt 21 63 55 
4 CH3CN rt 21 75 3 
5 toluene rt 18 82 60 
6 toluene 40 20 73 60 
7 toluene 0 26 75 70 
8 toluene -20 48 88 70 
a Solvent was added to give a solution concentration of 0.25M.  b Isolated yield. cDetermined 
by chiral HPLC analysis. 
Solvent effect was first studied at room temperature (Table 2.4). The reaction is quite 
robust as solvents from polar to non-polar nature can work for the reaction, giving moderate 
to high yields. However, we found that polar solvents such as CH3CN resulted in low 
enantioselectivity with almost no ee value observed (entry 4). Chlorinated solvents such as 
CH2Cl2 gave moderate levels of enantioselectivity of 40% ee (entry 1). The reaction worked 
well in non-polar solvents such as Et2O, THF and toluene (entries 2, 3 and 5 respectively), 
with toluene achieving the highest ee of 60%. 
Temperature effects were studied using toluene as solvent (Table 2.4). When the 




change in the rate and the enantiomeric excesses (entry 6). However when the temperature 
was lowered to 0oC and -20oC, the reaction rate decreased considerably, however, the 
enantiomeric excess increased to 70% for both temperatures (entry 7 and 8). Since the levels 
of enantioselectivity are the same, 0oC was chosen as the optimal temperature as the rate is 
about twice as fast as that of the reaction carried out at -20oC. 
We also attempted to vary the concentration and the amount of catalyst loading, in 
hope of increasing the enantiomeric excess. However, we found that both concentration and 
the amount of catalyst have little effect on the ee, giving values within 50% to 60%.  Also, as 
the concentration decreases to below 0.05M, the yield starts to decrease.  
 Consolidating all the optimization results, we deduced that the best condition for the 
system is using toluene as the solvent, at 0°C and at 0.25M concentration with a catalyst 
loading of 10mol%. This condition was used for expanding the substrate scope.  
 
2.2.5 Enantioselective direct Michael Reaction between 2(3H)-furanones and 
Maleimides catalyzed by Sulphonamide catalysts.  
 With the optimized conditions determined, various maleimides were screened as 







Scheme 2.11. Chiral sulphonamide 105c catalyzed conjugate addition of 2(3H)-furanones 
102 to maleimides 103.  
 
Table 2.5 Chiral sulphonamide 105c catalyzed conjugate addition of phenyl 2(3H)-furanones 



























2 103i 4-Cl-C6H4CH2 12 104n 85 74 
3 103j 3-OCH3-C6H4CH2 22 104o 75 65 
4 103k 2-Cl-C6H4CH2 12 104p 81 74 
5 103l 4-CF3-C6H4CH2 22 104q 87 75 
aIsolated yield. bDetermined by chiral HPLC analysis.  
As shown in Table 2.5, the reaction works quite well with most adducts having 
enantiomeric excesses above 70% except for 104o (Table 2.5, entry 3). N-benzylmalemides 
with electron withdrawing substituents such as 103i, 103k, and 103l (entries 2, 4 and 5) gave 
relatively high yields of above 80% and satisfactory ees of 74%, 74% and 75% respectively. 
Whereas N-benzylmalemides with electron donating substituents such as 103h and 103j 
(entry 1 and 3) gave lower yields of 60% and 75% with ees of 73% and 65% respectively. 
Excellent regioselectivity were obtained for all the results, especially for adduct 104m which 




Aliphatic 2(3H)-furanones gave less satisfactory results when reacted with various 
malemides. The ees achieved were similar among 103h, 103i and 103k (Table 2.6, entries 1, 
2 and 3) with ees of 35%, 40% and 40% respectively.  
 
Table 2.6 Chiral sulphonamide 105c catalyzed conjugate addition of methyl 2(3H)-furanones 























2 103i 17 104s 85 40 
3 103k 17 104t 54 40 
                            aIsolated yield. bDetermined by chiral HPLC analysis. 
 
2.2.6 Proposed Mechanism  
The chiral sulphonamide was proposed to first generate a furanyl conjugated enolate 
by deprotonating the furanone (Figure 2.3). An anionic reactive intermediate is obtained and 
stabilized through hydrogen bonding with the cationic catalyst to form complex B. Following 
which, the olefin is activated via hydrogen bonding with the carbonyl group of the maleimide 
substrate and the tertiary amine of the catalyst. This allows both the nucleophile and the 
electrophile to be in close promixity and in a tight transition state C leading to high 
enantioselectivity. While the catalyst is still hydrogen-bonded to the intermediate D, the 
intermediate grabs a proton from the quaternary ammonium cation.  In doing so, the 





Fig. 2.3 Proposed mechanism for the sulphonamide catalyzed synthesis of Butenolides via 
Michael addition of furanones to N-substituted maleimides. 
In summary, we have found a route that uses direct Michael reaction to synthesize 
various butenolide structures. Its feasibility is displayed from its tolerance to a wide range of 
different substituted α,β-unsaturated lactones and maleimides. This reduces the cost and steps 
that were used previously to synthesize butenolides via siloxy furans. Chiral sulphonamide 
catalyst proved to be an efficient catalyst for base catalyzed conjugate addition between 
2(3H)-furanones and maleimides. Aromatic furanones substrates proved to be better than 
alkyl furanones, giving higher yields and better ees. The best result is a decent ee of 75%. 
There is still room for improvement in the yield and the ee of the butenolide products.   
We have developed a direct and enantioselective system for the base catalyzed 
conjugate addition of 2(3H)-furanones to maleimides to yield butenolides with high 




deprotonate a proton from the furanones, future studies can be focused on optimizing the 
reaction to give 1, 2- addition products, preferably with a carbonyl electrophile to yield useful 
hydroxyl butenolide structures.  1, 3 proton shift is also possible on deprotonation to give 




























3.1 Heteroatom Conjugate Addition Reactions 
Conjugate addition is the one of the most important bond formation strategies 
employed by many chemists. This is mainly due to the large variety of donors and acceptors 
that can be used in this reaction. The nucleophiles are not restricted to C-based compounds 
but heteroatom-based as well. Heteroatom-based nucleophiles include H, N, O, S, Si, P, Se, 
Sn and I. Among these heteroatom nucleophiles, nitrogen, sulphur and oxygen-based 
nucleophiles are the more common and popular areas of research. 
 
3.1.1 Conjugate Addition of Nitrogen Nucleophiles 
Nucleophilic addition of nitrogen nucleophiles to α,β-unsaturated compounds is a 
highly important reaction as it yields products that are derivatives of important             
building blocks such as β–amino acids derivatives. In 1996, Jørgensen et al.                 
reported the enantioselective addition of benzylhydroxylamine to N-acyloxazolidinone                       
115 using TiCl2-BINOL 117 as catalyst (Scheme 3.1).60 However, the results were not good 








Scheme 3.1 Jørgenson et al. conjugate addition of benzylhydroxylamines to N-acyl 
oxazolidinones using TiCl2-BINOL catalyst. 
Two years later, Sibi reported a more efficient reaction system of the conjugate 
addition of hydroxylamines to pyrazole templates 118 (Scheme 3.2). 61 Good yields and ees 
of up to 97% were achieved with chiral Lewis acid 120 as catalysts and Mg as a counterion. 
Mg was proposed to be an important chelating centre for both the catalyst and the pyrazole 
substrate, attaining excellent enantioselectivity results.  
 
Scheme 3.2 Sibi’s enantioselective conjugate addition of hydroxylamines to pyrazole 
templates. 
Previous examples were done in the presence of metal as a coordinating reagent in the 
reaction. MacMillan et al., however, recently succeeded in using an organocatalyst with only 
5mol% loading in the presence of acid to achieve high enantioselectivity in the conjugate 
addition of silylated hydroxycarbamates 121 to α,β-unsaturated aldehydes 122 via an 









Scheme 3.3 MacMillan’s highly efficient system of the addition of silyated hydroxyl 
carbamates to α,β-unsaturated aldehydes. 
Besides using hydroxylamines as nitrogen-based nucleophiles, nitrogen heterocycles 
can also be used to undergo conjugate addition to nitrostyrene.  In 2006, Wang reported the 
conjugate addition of benzotriazoles to nitroolefins giving moderate to excellent levels of 
enantioselectivities (57-94% ee) using Cinchona alkaloid derivatives (Scheme 3.4).63 As can 
be seen from Table 3.1, the positioning of the substituents on the aromatic ring of the 
nitrostyrene have a significant effect on the enantioselectivity of the reaction. When the 
benzyl substituent was shifted from the para (Table 3.1, entry 2) to the ortho position (Table 
3.1, entry 3) of the aromatic ring, the ee increased from 78% to 92%. 
 
Scheme 3.4 Enantioselective conjugate addition of benzotriazoles to nitrostyrenes catalyzed 














Table 3.1 Influence of different R groups on the enantioselective conjugate addition of benzo 

























2 h 4-BnOC6H4 48 73 78 
3 i 2-BnOC6H4 48 87 92 
4 j 2-PhCO2C6H4 36 75 94 
5 k 2-thienyl 48 79 80 
6 l PhCH2CH2 48 83 57 
7 m n-C6H13 24 76 64 
aIsolated yield. bDetermined by chiral HPLC analysis. 
 
3.1.2 Conjugate Addition of Sulfur Nucleophiles 
Pioneering studies on the conjugate addition of sulphur nucleophiles were carried out 
about 2 decades ago, by Wynberg et al. in 1977 (Scheme 3.5).64 Good yields and 
enantiomeric excesses were achieved considering the low catalyst loading of only 0.8mol% 
of quinine 131 in the conjugate addition of thiophenol derivatives such as 128 to 
cyclohexanones 129. Mechanistic studies of this reaction showed that the β-hydroxy amine 
functionality of the catalyst 131 is essential for improving the enantioselectivity65 and the 









Scheme 3.5 Wynberg’s conjugate addition of tert-butyl thiophenol to cyclohexanones using 
quinine. 
Subsequent studies done by Pracejus et al.66 and Mukaiyama67 using alkaloid catalysts 
did not improve the enantioselectivity much when thiophenol was added to other conjugate 
systems such as malonate, nitroolefins, acrylates and methylene azalactones. Only recently in 
2002, Deng et al. reported a much improved enantioselective system of the asymmetric 
conjugate addition of aryl thiols 132 to cyclic enones 133 utilizing a commercially available 
ether of Cinchona alkaloids 135 (Scheme 3.6).68 Excellent results with ees of more than 90% 
were obtained with cyclic enones 133a, 133b, 133c and 133d. 
Scheme 3.6 Deng’s enantioselective conjugate addition of 2-thionapthol to cyclic enones 
catalyzed by ether of Cinchona alkaloids. 
Additions to aliphatic enals were also reported to give excellent results employing a 









wide variety of thiols to different aliphatic and aromatic enals giving high ee values of >99% 
(Scheme 3.7, eq 1). 69  
Taking advantage of the excellent results obtained, Jørgensen carried out an 
organocatalytic Michael-aldol reaction between enals and 2-mercapto-1-phenylethanone 137 
to yield biologically important tetrahydrothiophenes with high ee values and yields (Eq. 2, 
Scheme 3.7).70 Wang also employed the same catalyst in a Michael–aldol domino reaction 
between alkyl and aryl-substituted α,β-unsaturated aldehydes and 2-mercaptobenzaldehydes 
138 also in the presence of benzoic acid as additives to give highly functionalized chiral 
thiolchromenes (Eq. 3).71  
 
Scheme 3.7 Enantioselective conjugate additions of different thiols to substituted α,β-
unsaturated aldehydes using 136. 
Thiol nucleophiles seem to be the only sulphur nucleophiles that can give highly 









attack conjugate systems, Wynberg et al was the first to study the addition of thiocarboxylic 
acids to cyclohexanones using Cinchona alkaloids as catalysts.72 Only modest ees of up to 
54% were obtained (Scheme 3.8). Further reports by Wang et al. using Takemoto’s chiral 
thiourea73 in the addition of thiocarboxylic acids to α,β-unsaturated ketones74 and 
nitroolefins75 did not improve the enantioselectivity significantly (Scheme 3.9).  
 
Scheme 3.8 Wynberg’s conjugate addition of thiocarboxylic acids to cyclohexanones using 
Cinchona alkaloids. 
 
Scheme 3.9 Wang’s conjugate addition of thiocarboxylic acids to α,β-unsaturated ketones 
and nitroolefins using Takemoto’s chiral thiourea catalysts. 
 
3.1.3 Conjugate Addition of Oxygen Nucleophiles 
Oxo-Michael reactions are important synthetically as their Michael adducts usually 










Furthermore, oxo-michael reactions are convenient access to heterocycles and natural 
products especially when employed in domino-type reactions.  
The first oxo-Michael reaction was reported as early as 1878 by Loydll in his pursuit 
of synthesizing malic acid.76 Since then there have been few reports on oxo-Michael reactions 
especially enantioselective versions. Stereoselective oxo-Michael intramolecular reactions are 
better established as compared to intermolecular reactions. This is due to the lack of the 
reactivity and the reversibility of the deprotonation of the oxygen nucleophiles which can be 
overcome by tethering both reactants together in a single molecule.77  
In 1999, Ishikawa et al. reported an intramolecular phenol conjugate addition to 
enones catalyzed by quinine in the course of synthesizing a potential anit-HIV-active natural 












Scheme 3.10. Enantioselective synthesis of (+)-calanolide A using oxo-Michael conjugate 
addition catalyzed by quinine. 
 
Scheme 3.11 Scheidt’s enantioselective intramolecular oxo-Michael reaction.  
Recently, Scheidt and co-workers reported an enantioselective intramolecular oxo-
Michael reaction giving highly important chiral biological products of flavonones and 
chromanones. The enantioselectivity improved significantly to 90% as compared to previous 
similar works (Scheme 3.11).80  
Although intramolecuar oxo-Michael reactions are far more prominent than 
intermolecular ones, there have been an increasing number of reports on the enantioselective 
intermolecular oxo-Michael reactions in recent years, often with excellent levels of 







oximes to α,β-unsaturated imides with the use of their well-established (salen)aluminium 
complexes 149 (Scheme 3.12). High yields and enantioselectivities were achieved. 
Jacobsen’s (salen)aluminium complexes were previously reported to be highly efficient for 
weaker nucleophiles such as NH322a and HCN81b hence oximes 148 being more acidic and 
more nucleophilic as compared to alcohols could be efficiently reacted and hydrogenated to 
form chiral hydrated products.82  
 
Scheme 3.12 Jacobsen’s enantioselective oxime addition to α,β-unsaturated imides. 
In 2006, Jørgensen reported a highly efficient system for the enantioselective 
conjugate addition of oximes using prolinol-derived catalyst 136 instead to catalyze the 
addition to α,β-unsaturated aldehydes. The enantiomeric excesses obtained were excellent 
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Scheme 3.13 Jørgensen’s highly efficient system of enantioselective conjugate addition of 
oximes to α, β-unsaturated aldehydes. 
 
Table 3.2 Scope of Jørgensen’s highly efficient system of enantioselective conjugate addition 

























2 b Me 1 72 95 
3 c Pr 1 75 95 
4 d Bu 1 75 93 
5 e Hep 1 64 95 
6 f i-Pr 1.5 62 97 
7 g Hex-3-enyl 1 68 95 
Boronic acid hemiester was also found to be good oxygen nucleophile as reported by 
Falck in its conjugate addition to γ-hydroxy-α,β-enones. High enantioselectivities were 
achieved using thiourea 154 as catalyst which can act synergistically with the boronic acid 














R1 = Aryl, Alkyl, Allyl 153a R = H
153b R = OMe















Scheme 3.14 Falck’s enantioselective conjugate addition of boronic acid ester to γ-hydroxy-
α, β-enones 
Among all the oxo-Michael reactions, there are almost no reports on using simple 
alcohols in the enantioselective conjugate addition to olefins until 2007 when Maruoka 
reported the enantioselective conjugate addition of simple alcohols to α,β-unsaturated 
aldehydes. However, only modest ees were observed over a long reaction time of 2 days 
using a biaryldiamine-based organocatalyst 155.85  
 
Scheme 3.15 Maruoka’s enantioselective conjugate addition of alcohols to α,β-unsaturated 
aldehydes. 
In summary, hetero-Michael reaction is a very useful bond formation strategy in the 
synthesis of many biologically important compounds.  Aza–Michael reaction, being the most 
widely explored among the rest of the hetero-Michael reactions, has gained considerable 







obtained by Deng in the use of simple thiols as sulphur nucleophiles in its enantioselective 
conjugate addition to olefins using Cinchona alkaloids. Oxo-Michael reactions are however 
only limited to oximes as shown by Jørgensen and Jacobsen in giving good 
enantioselectivity. To date, there has been no other oxygen nucleophile other than oximes 
that can circumvent the unreactivity and low acidity problem of oxygen nucleophiles. The use 
of Brønsted base to catalyze the Oxo-Michael reactions is also observed to be a less 
established approached.  
Therefore, we hope to come up with a new oxo-Michael system using hydroxyl 
carbamates as a novel oxygen nucleophile catalyzed by a chiral Brønsted superbase 
guanidine. We hope to achieve high enantioselectivity and improve the efficiency of oxo-
Michael reactions.  
3.2 Michael Reaction between Hydroxy Carbamates and N-alkyl/ N-aryl Maleimides 
Oxo-Michael reactions are not well established due to various reasons such as low 
reactivity and basicity of hydroxyl nucleophiles, reversibility issues and the lack of control in 
stereoselectivity. Many of these drawbacks actually stem from the nucleophiles hence a 
careful design and choice of nucleophiles in oxo-Michael conjugate addition is highly 
important.18  
 





We chose hydroxycarbamates 156a as our oxygen nucleophile on the basis that the 
presence of the amide functional group can circumvent many of the potential drawbacks. 
Firstly, the acidity of the proton on the hydroxycarbamate is increased due to the electron 
withdrawing effect of the amide functionality that is adjacent to the hydroxyl group. This 
effect pulls the electrons away from the OH group rendering the proton more acidic thereby  
solving the problem of the deprotonation step which is highly dependent on the pKa of the 
Michael donor. Secondly, the N-O functionality would enhance the nucleophilicity at the 
oxygen centre via the α-effect. 86 The alpha effect is known as the effect of having an adjacent 
(alpha) atom with lone pair of electrons which can increase the nucleophilicity of the 
molecule. As the reaction enters the transition state, the free electron pair on the nucleophile 
will move away from the nucleus causing a partial positive charge which can be stabilized by 
an adjacent lone pair of electrons. This ensures that the anion formed is stabilized and the 
reversibility issue in the second step can be resolved (Scheme 3.16).  
 
Scheme 3.17 Oxo-Michael reaction using hydroxycarbamates as oxygen nucleophiles. 
We went on to investigate the oxo-Michael reactions using hydroxycarbamates as 








3.2.1 Effect of Catalysts on Enantioselectivity 
 
Scheme 3.18 Enantioselective conjugate addition reaction between hydroxylcarbamates and 
N-Phenylmaleimides. 
Our group has reported an efficient synthesis of chiral bicyclic guanidines (Scheme 
3.19).87 Guanidine derivatives with their inherent basic character are widely utilized in 
synthetic organic chemistry as strong bases in a large variety of reactions. As the proton on 
the hydroxycarbamates has a pKa value slightly higher than alcohols, hence a strong base is 
required to deprotonate the proton for the reaction to proceed.  
 
Table 3.3 Effect of the structures of the chiral catalysts in the catalytic conjugate addition of 








































































































aIsolated yield. bDetermined by chiral HPLC analysis. cVery slow reaction.  dConversion 
determined by TLC. eNo reaction.  
We screened a few guanidine catalysts (Table 3.3, entries 1 to 3) in the reaction 
between hydroxycarbamates and N-phenylmaleimide (Scheme 3.18). The reaction rates were 





satisfactory enantiomeric excess of 44% (entry 1) within 30 minutes. When catalytic 
bisguanidine 160 was used, the reaction completed within 10 minutes with no induced 
enantioselectivity (entry 3). We also attempted other catalysts that are present in our group, 
such as 162, 163 and 105c (entries 5, 6 and 7) but neither one achieved better enantiomeric 
excesses as compared to bicyclic guanidine 158 with ees of 28%, 4%, 25% respectively. 
Catalyst 161 had almost no reaction with too little product to be tested for its enantiomeric 
excess.  
We also attempted to use a phase transfer catalyst 164, the reaction was not only slow 
with only 60% conversion after 24h, there was also no enantioselectivity induced. Since 158 
gave the best result of 44% ee value, it was used as the optimal catalyst for further 
optimizations. 
 
3.2.2 An Aziridine-Based Synthesis of Chiral Bicyclic Guanidines 
Bicyclic chiral guanidine catalyst 158 was prepared according to the reported 
procedure as shown below (Scheme 3.19).28 N-Tosyl aziridine 166 was readily prepared from 
its corresponding commercially available α-amino alcohols 165.88 Triamine backbone 167 
was easily obtained by treating 166 with 0.5 equivalent of ammonia gas.89 The nucleophilic 













removal of tosyl groups was achieved by using sodium in liquid ammonia. The crude 
triamine 168 was then subjected to the final cyclization step, leading to the guanidine 158 in 
71% total yield from its amino alcohol.  
 
Scheme 3.19 Synthesis of symmetrical chiral bicyclic guanidines. 
 
3.2.3 Optimization Studies on the Reaction of Hydroxycarbamates with N-
phenylmaleimides Catalyzed by Bicyclic Guanidine  
As can be seen from Table 3.3, catalyst 158 gave the best results of 44% ee before 
optimization hence catalyst 158 was employed as the optimal catalyst for our following 
optimization studies for the reaction as shown in Scheme 3.18.  
Table 3.4 Solvent and temperature effects on the catalytic conjugate addition of Hydroxy 

























2 THF rt 5 52 28 
3 Toluene rt 0.5 98 44 





5. Toluene -20 2.5 99 44 
6. Toluene -50 24 74d 34 
a Solvent was added to give a solution concentration of 0.25M.  b Isolated yield. cDetermined 
by chiral HPLC analysis.dIncomplete reaction 
Solvent effects were first studied at room temperature (Table 3.4). Poor results were 
obtained with chlorinated solvents and ether solvents such as CH2Cl2 and THF, giving results 
of 36% and 28% ee respectively (Table 3.4, entries 1 and 2). Reaction done in toluene gave 
the best results of 44% with a short reaction time of 30 minutes (entry 3).  
Since the reaction was fast, we proceeded to lower the temperature. However, there 
was no significant effect when the temperature was lowered to 0oC and -20oC. Both gave 
similar enantiomeric excesses of 44%. The ee dropped to 34% when the temperature was 
further lowered to -50oC. 
 Consolidating all the optimization results, we deduced that the best condition for the 
system is using toluene as the solvent at room temperature and a catalyst loading of 10mol%. 
This condition was used for expanding the substrate scope.  
 
3.2.4 Enantioselective Oxo-Michael Reaction between Hydroxycarbamate and 
Maleimides Catalyzed by Bicyclic Guanidine 158.  



























Scheme 3.20 Enantioselective conjugate addition reaction between hydroxycarbamate and 
different maleimides. 
From Table 3.5, it was observed that steric effects did not play a significant role in 
affecting the induction of enantioselectivity of the products. Entry 6 provides good evidence 
that despite the large bulky diisopropyl group on the phenyl ring, the enantiomeric excess 
remained at 40% ee as compared to the unsubstituted N-phenylmaleimide of 44% ee (Table 
3.4, entry 3). Electronic factors however seem to play a bigger role than steric factors. 
Electron withdrawing substituents such as a nitro group at the ortho position of the phenyl 
maleimide gave a higher ee of 52% (Table 3.5, entry 1) whereas electron donating 
subsitituents such as an isopropyl group gave a decreased ee of 39% and 33% for its 
diastereoisomers (Table 3.5, entry 5). Ortho-substituted nitro group however resulted in 
lower enantioselectivity of 30% ee (entry 2). Difluorinated maleimde has undesirable effect 
with ee of 25% (entry 3) in contrast to pentafluorinated maleimide with increased 
enantiomeric excess of 55% (entry 4). 
To our surprise, N-benzylmaleimide gave a much higher ee of 60% (entry 7) as 
compared to N-phenylmaleimide. For substituted benzylmaleimide, both electronic and steric 
factors have no effect on the enantioselectivity induction. Bulky benzylmaleimide such as 





substituted 103s (entries 7 and 9). Both electron withdrawing substituent chlorine 103g and 
electron-donating methoxy group 103j gave similar results of 60% ee (entries 10 and 11 
respectively).  
Alkyl maleimides such as 103c were also screened. The ee values dropped to 43% 
and reaction became very slow with reaction time of up to 4 days (entry 13). We increased 
the size of the alkyl group to 103t hoping that the rate and enantioselectivity could be 
improved however, reaction rate was still slow and ee value obtained was 60% (entry 14). 
We also tried to restrict the rotation of the benzyl group of the maleimides by fixing a cyclic 
dioxane ring 103u, no breakthrough was observed with ee value remaining at 60% (entry 15). 
Table 3.5 Effects of the different maleimides on the enantioselectivity of the reaction as 





























2 103n 4-NO2-C6H4 14 54 169n 30 
3 103o 3,5-F2-C6H3 14 91 169o 25 
4. 103p C6F5 14 28 169p 55 
5. 103q 2- iPr-C6H4 20 60 169q 39:33c 
6. 103e 2,6-iPr2-C6H3 20 65 169r 40 
7. 103a C6H5CH2 14 99 169a 60 
8. 103h 4-tBu-C6H4CH2 15 58 169h 60 





10. 103j 3-OCH3-C6H4CH2 15 99 169j 60 
11. 103g 3-Cl-C6H4CH2 12 96 169t 57 
12. 103s cHexyl 14 99 169s 60 
13. 103c Et 4 days 32d 169c 43 
14. 103t (CH2)4C6H5 3 days 90d 169u 60 
15. 103u 
 
24h 91d 169v 60 
         aIsolated yield. bDetermined by chiral HPLC analysis. cdr ratio of 1:1.5 (Diastereomeric 
ratio was determined by 1H NMR analysis). dIncomplete reaction. 
 
3.2.5 Synthesis of Hydroxycarbamates 
 Hydroxycarbamates can be synthesized from chloroformates and hydroxylamines in 
the presence of sodium bicarbonate as shown in Scheme 3.21. Moderate yields could 
generally be achieved however slower reaction rate was observed for 156d (Table 3.6, entry 
3) with only 60% conversion after 20h.  
 
Scheme 3.21 Synthesis of hydroxycarbamates. 

























2 H 170b, R2 = Ph 24 68 156c 













aIsolated yield. bIncomplete reaction c Unidentified side products present.  
We attempted to use this protocol as shown in Scheme 3.12, with other SN2 
electrophiles (Table 3.6, entries 4 and 5), in hope of coming up with novel donor substrates 
that could result in an increase in the enantioselectivity of the reaction.  However, low yields 
were achieved when tosyl chloride (entry 4) and diethylcarbamothioic chloride (entry 5) were 
used as donors, giving only 30 % yield of 171 and 21% yield of 172. This could be due to the 
lower reactivity of the donor substrates used as compared to the more reactive acyl chlorides 
(entries 1 and 2). Furthermore, TLC observations showed the presence of side products at the 
baseline for entries 4 and 5. Since the side products were too polar to be columned out, they 
were not identified. This could also account for the lower yields achieved for 171 and 172 as 
the impurities were in the ratio of 3:1 (product spot: impurity spot). 
 
3.2.5 Enantioselective Oxo-Michael Reaction between Various Hydroxycarbamates and 
N-PhenylMaleimide Catalyzed by Bicyclic Guanidine Catalyst.  
Since changing the maleimides did not improve the enantioselectivity of the reaction, 






Scheme 3.22 Enantioselective conjugate addition reaction between different hydroxyl 
carbamates and N-Phenylmaleimides. 
 






































2c 156c H H Ph - - - - 
3c 156d TBS H Boc - - - - 
4. 156e H Bn Boc 14 99 173b 25 
  aIsolated yield. bDetermined by chiral HPLC analysis. cNo reaction. 
Firstly, we attempted to change the protecting group of the amide from a Boc 
functional group 156a to a Cbz functional group 156b. As expected, with a smaller steric 
size, the enantiomeric excess decreased to 30% (Table 3.7, entry 1) as compared to a more 
sterically hindered tert-butyl group (Table 3.4, entry 3). When the amide protecting group 
was changed to a phenyl ketone functional group 156c, no reaction was observed (Table 3.7 
entry 2).  
From Table 3.7, we can also conclude that the proton on the hydroxyl group is vital to 





when the amide proton has been protected by a benzyl group 156e, the reaction proceeded 
well with high yield but modest ee of 25%.  
 
3.2.6 Enantioselective Oxo-Michael Reaction between Hydroxycarbamates and other 
Michael acceptors Catalyzed by Bicyclic Guanidine Catalyst.  
To expand the scope of the reaction, other Michael acceptors were also tested using 
the optimized condition as that of Scheme 3.22 with hydroxycarbamate 156a. 
 
Table 3.8 Enantioselective Oxo Michael reactions of hydroxycarbamates 156a with different 











































































       aIsolated yield. bDetermined by chiral HPLC analysis. c Incomplete reaction. dNo reaction. 
Hydroxycarbamates 156a were also reacted with other common and uncommon 
Michael acceptors. Commonly used nitrostyrene 44a completed the reaction within 24h to 
give product 174 (Table 3.8, entry 1) however, no enantioselectivity was induced. Other 
promising Michael acceptors such as chalcone 175 (entry 2) and cyclic ester 176 (entry 3), to 
our disappointment gave no reaction. 1-cyclopentenylethanone 177 (entry 4) was also 
attempted in hope of providing certain degree of restriction with its cyclic ring but no 
reaction was observed. For less commonly used Michael acceptors such as diethyl 2-
benzylidenemalonate 178, reaction was observed but only 60% conversion was achieved 
even after 24h with no enantioselectivity induced (entry 5). When both diethyl ester groups 
were replaced with cyano groups, the reaction rate increased and complete reaction was 





be too small in size to block any sides for enantioselective products to be formed. Hence, 182 
was reacted with hydroxycarbamate 156a, only a low ee value of 10% was observed. 
Subtrates 171 and 172 were also attempted with no reaction observed.  
We have developed an enantioselective oxo-Michael reaction catalyzed by a chiral 
bicyclic guanidine between hydroxycarbamates and maleimides. The feasibility of the 
reaction was shown by the high yields that were generally achieved although only modest 
enantioselectivities (of up to 60% ee) were obtained.  
We envisioned that the selectivity of the reaction might be improved by using a 
sterically more bulky amide protecting group of the hydroxycarbamates such as modifying 
the trimethyl Boc protecting group to triethyl Boc protecting group. Other modifications to 
the hydroxycarbamate nucleophiles can potentially be good substrates for achieving high 






























4.1 General Procedures 
1H and 13C NMR spectra were recorded on a Bruker ACF300 (300MHz) or AMX500 
(500MHz) spectrometer. Chemical shifts are reported in parts per million (ppm). The residual 
solvent peak was used as an internal reference. Low resolution mass spectra were obtained on 
a VG Micromass 7035 spectrometer in EI mode, a Finnigan/MAT LCQ spectrometer in ESI 
mode, and a Finnigan/MAT 95XL-T mass spectrometer in FAB mode. All high resolution 
mass spectra were obtained on a Finnigan/MAT 95XL-T spectrometer. Infrared spectra were 
recorded on a BIO-RAD FTS 165 FTIR spectrometer. Enantiomeric excesses were 
determined by chiral HPLC analysis on Jasco HPLC units, including a Jasco DG-980-50 
Degasser, a LG-980-02 Ternary Gradient Unit, a PU-980 Intelligient HPLC Pump, UV-975 
Intelligient UV/VIS Detectors, and an AS-950 Intelligient Sampler. Melting points were 
determined on a BÜCHI B-540 melting point apparatus. Analytical thin layer 
chromatography (TLC) was performed with Merck pre-coated TLC plates, silica gel 60F-
254, layer thickness 0.25 mm. Flash chromatography separations were performed on Merck 
60 (0.040 - 0.063mm) mesh silica gel. THF was freshly distilled from sodium/benzophenone 
before use. CH2Cl2 were distilled from calcium hydride and stored under N2 atmosphere. All 
distilled solvents were stored under N2. All other reagents and solvents are commercial grade 
and were used as supplied without further purification, unless otherwise stated. 
Sulphonamide Catalyzed Synthesis of Butenolides via Direct Michael Addition 
4.2 Preparation and characterization of Furanones and Maleimides 
Furanones 102b-f were prepared using literature protocols.90  For unsubstituted phenyl 
furanones, Method A is used. Phenyl furanones with substitution was prepared via method B. 










A mixture of propylpropionic acid (100mg, 0.5mmol, 1 equiv) and acetyl chloride (2ml, 
0.6mmol, 1.2 equiv) was refluxed for 40mins. The excess acetyl chloride was then 
evaporated in vacuo. The residue (usually a colourless solid) was rapidly washed with a small 
amount of ethyl acetate and recrystallised from the same solvent to yield the lactonized 
product.  
Method B1 
Substituted propylpropionic acid (200mg, 1.0mmol, 1 equiv) was suspended in 0.4mL of 
acetic anhydride. 1 drop of concentrated acetic acid was then added which turned the solution 
clear. The mixture was then stirred for 30 minutes during which the product began to 
precipitate. After reaction, the solvent was removed in vacuo and the lactone product was 
obtained upon 20:1 (hexane:ethyl acetate) of column purification.  
(102b) 5-phenylfuran-2(3H)-one 
 
Yellow solid. 1H NMR (300 MHz, CDCl3, ppm) δ: 7.60 (t, 2H, J = 2.4Hz), 7.39 (m, 3H), 
5.77 (t, 1H, J = 2.61Hz), 3.39 (d, 2H, J = 2.43Hz); 13C NMR (75 MHz, CDCl3, ppm) δ: 34.6, 
97.7, 124.7, 128.5, 129.6, 153.9, 175.9; LRMS (ESI) m/z 159.3 (M+H+), HRMS(ESI) 















Pink solid. 1H NMR (300 MHz, CDCl3, ppm) δ: .7.49 (d, 2H, J = 8.0Hz), 7.20 (d, 2H, J = 
8.0Hz), 5.71 (t, 1H, J = 2.63Hz), 3.40(d, 2H, J = 2.43Hz); 13C NMR (75 MHz, CDCl3, ppm) 
δ: 21.4, 34.6, 96.6, 124.7,  129.3, 139.7, 154.1, 176.0   
4.3 Procedures for synthesis of Chiral Sulphonamide Catalyst 
Chiral sulphonamide catalysts 105a-k were prepared using literature protocols.92 Catalysts 
prepared from amino alcohols were done using Method 1 while catalysts prepared from 
amino acids were prepared from Method 2.  
Method 13: Scheme 2.8  
4.3.1 Procedure for preparation of 105d from amino alcohol 
To a flame dried round-bottom flask containing 4Å molecular sieves and a magnetic bar, L-
phenylalaninol 107 (130mg, 0.85 mmol, 1 equiv.), Et3N (0.48 ml, 3.4 mmol, 4 equiv.), and 
dry MeCN (2.4 ml) were added. The mixture was cooled down to 00C followed by the 
addition of sulfonyl chloride 108 and DMAP. After stirring at 0oC for 20 min, the reaction 
mixture was brought to room temperature and stirred for another 2 hours. The solvent was 
removed under reduced pressure and ethyl acetate (5 ml) was added. The resulted precipitate 
and molecular sieves were removed by suction filtration and washed thoroughly with ethyl 
acetate.   
The solvent was removed and the residual oil 109 was subjected to a solution of Et3N (0.48 
ml, 3.4 mmol, 4 equiv.) and DMAP (104 mg, 0.85 mmol, 1 equiv) in dry CH2Cl2 (2.4 ml). 







room temperature for 3 hr. The solvent was removed under reduced pressure, followed by 
addition of ethyl acetate (5 ml). The resulted precipitate was removed by suction filtration 
and washed thoroughly with ethyl acetate. The filtrate was then extracted with 2M KOH (3 x 
20mL), dried over anhydrous MgSO4 and concentrated on vacuo. The crude product was 
purified by flash column chromatography (hexane: ethyl acetate 10:1) to yield the aziridine 
110. 
In a sealed tube, secondary amine was added to acetonitrile. The reaction was left to reflux at 
95oC for 24 hours. The solvent was removed under reduced pressure and the crude product 
was purified by flash column chromatography (hexane: ethyl acetate 2:1) to give the final 
catalyst product 105d.  
Method 23: Scheme 2.9 
4.3.4 Procedure for preparation of 105c from amino acid 
Chiral amino acid 111 (1.5 equiv) was dissolved in 2M sodium hydroxide (5mL) in a 25mL 
round bottom flask. The mixture was cooled down to 00C followed by addition of di-tert-
butyl dicarbonate (1.5 equiv). After stirring at 0oC for 1 hour, the reaction mixture was 
brought to room temperature and stirred for 24 hours. The round bottom flask was placed in 
an ice bath and 1M HCl was added to adjust the pH to 1. The solution was then extracted 
with ethyl actetate (3 x 20mL) dried over anhydrous MgSO4 and concentrated on vacuo.  
To a solution of the residual oil 112 (1 equiv), triethylamine (2 equiv) and the required 
secondary amine (1.68 equiv) in THF (8mL) was added (benzotriazol-1-
yloxy)tris(dimethylamino)phosphonium hexafluorophosphate (BOP, 1.3 equiv) at 0 °C. After 
being stirred for 2 h at the same temperature, the reaction mixture was allowed to warm to 
ambient temperature and stirred for an additional 24 h. The reaction was quenched with water 
(20mL), and the solution was concentrated in vacuo. The residue was extracted with CH2Cl2 





dried over Na2SO4, filtered, and concentrated in vacuo. The crude product was purified by 
flash column chromatography (hexane: ethyl acetate 2:1) to afford the product 
To a solution of product 113 (1 equiv) in MeOH (5 mL) was added dropwise acetyl chloride 
(0.5mL) at 0 °C.  After stirring at 0oC for 3h, the reaction mixture was brought to room 
temperature and stirred for another 24h and the solution was concentrated in vacuo. To the 
residual product in THF (0.5mL) and LiAlH4 (6.8 equiv) was added at 0oC. After stirring for 
30mins at 0 °C, the reaction was allowed to heat at reflux for 48 h before the reaction was 
quenched with ether (3 times that of the volume of the reaction mixture), water (1 equiv with 
respect to LiAlH4), 15% NaOH (1 equiv with respect to LiAlH4) and water (3 equiv with 
respect to LiAlH4) with vigorous stirring at 0°C. The white-gray suspension was filtered and 
concentrated. The crude product was purified by flash column chromatography (hexane: ethyl 
acetate 2:1) to give the final diamine product 114. 
The diamine 114 was dissolved in CH2Cl2 and Et3N at 00C, followed by the addition of 
sulfonyl chloride. The mixture was left to stir for 2h. The solvent was removed under reduced 
pressure and the crude product was purified by flash column chromatography (hexane: ethyl 
acetate 5:1) to give the final catalyst product 105c. 
4.4 Typical Experiment Protocol for the reactions of Furanones 
4.4.1 Typical Experiment Protocol for the standard Triethylamine catalyzed reactions 
between furanones, furanone derivatives and various maleimides  
Maleimide (1 equiv), 2(3H)-furanone  (1.05 equiv) and Et3N (1 equiv) were added in CH2Cl2 
to give a concentration of 0.25M. The reaction was stirred at room temperature and 
monitored by TLC. The crude product was purified by flash column chromatography 






4.4.2 Typical Experiment Protocol for the standard 105c catalyzed reactions between 
furanones, furanone derivatives and various maleimides  
10 mol% of catalyst  was added into a clean sample vial. The maleimide  (1 equiv) was 
added, followed by toluene to give a concentration of 0.25M. 2(3H)-furanone  (1.05 equiv) 
was then added in. The reaction was stirred at room temperature and monitored by TLC. The 
crude product was purified by flash column chromatography (hexane: ethyl acetate 2:1). 
Chiral  




60% ee; Colourless oil.  1H NMR (300 MHz, CDCl3, ppm) δ: 7.79 (d, 1H, J = 5.6Hz), 7.40 
(m, 5H), 7.23 (dd, 1H, J = 12.9Hz, 4.9Hz), 6.85 (dd, 3H, 8.0Hz, 9.8Hz), 6.03 (d, 1H, J = 
5.6Hz), 4.69 (q, 2H, 14.0Hz), 3.78 (s, 3H), 3.65 (t, 1H, 4.5Hz), 2.73 (dd, 1H, J = 18.5Hz, J = 
4.9Hz), 2.55 (dd, 1H, J = 18.5Hz, J = 9.1Hz); 13C NMR (75 MHz, CDCl3, ppm) δ: 31.3, 
42.6, 48.0, 55.2, 76.6, 77.0, 77.4, 89.2, 113.7, 113.8, 119.0, 120.6, 124.5, 129.0, 129.5, 129.8, 
136.6, 136.8, 158.4, 159.8, 170.9, 173.7, 174.2; LRMS (FAB) m/z 376.3 (M+H+); HPLC 
conditions: Chiralcel AS-H column (Diacel); 80/20; hexane/2-propanol; Flow rate 1.0 
mL/min; λ = 230 nm; 35.6 min, 40.5 min 
(104n)1-(4-chlorobenzyl)-3-(5-oxo-2-phenyl-2,5-dihydrofuran-2-yl)pyrrolidine-2,5-dione 





68% ee; Colourless oil.   1H NMR (300 MHz, CDCl3, ppm) δ: 7.79 (d, 1H, J = 3.4Hz), 7.42-
7.44(m, 2H), 7.41-7.34 (m, 3H), 7.22-7.29 (m, 2H), 6.04 (d, 2H, J = 3.4Hz), 4.60 (dd, 2H, J = 
21Hz, 8.5Hz), 3.66 (dd, 1H, J = 5.7Hz, 2.6Hz), 2.73 (dd, 1H, J = 11.0Hz, 1.3Hz)  2.57 (dd, 
1H, J = 11.0Hz, 5.7Hz ); 13C NMR (75 MHz, CDCl3, ppm) δ: 31.3, 41.9, 48.1, 89.2, 119.1, 
124.4, 128.9, 129.0, 129.5, 129.8, 133.5, 134.0, 136.7, 158.3, 173.6, 174.1; IR (film): 3481, 
3022, 2405, 1643, 1415, 1217, 769 cm-1; LRMS (ESI) m/z 380.2 (M+H+), HRMS(ESI) 
Calc.[C21H15O4NCl]+ requires m/z 380.0684. Found 380.0686.  HPLC conditions: Chiralcel 
AS-H column (Diacel); 80/20; hexane/2-propanol; Flow rate 1.0 mL/min; λ = 230 nm; 35.3 











65% ee; Colourless oil.  1H NMR (300 MHz, CDCl3, ppm) δ: 7.79 (d, 1H, J = 2.8Hz), 7.45-
7.38 (m, 5H), 7.20-7.36 (m, 1H), 6.80 -6.88 (m, 3H), 6.03 (d, 1H, J = 2.8Hz), 4.60 (dd, 2H, J 
= 25.1Hz, 14.0Hz), 3.78 (s, 3H), 3.65 (dd, 1H, J = 9.1Hz, 4.5Hz),  2.73 (dd, 1H, J = 18.5Hz, 
4.9Hz ), 2.55 (dd, 1H, J = 18.5Hz, 9.0Hz; 13C NMR (75 MHz, CDCl3, ppm) δ: 31.3, 42.6, 
48.1, 55.2, 89.2, 113.7, 113.8, 119.0, 120.6, 124.5, 129.0, 129.5, 129.8, 136.6, 136.8, 158.4, 
159.8, 170.9, 173.7, 174.2; IR (film): 3452, 2923, 2362, 1761, 1705, 1400, 1175 cm-1; LRMS 
(ESI) m/z 376.3 (M+H+), HRMS(ESI) Calc.[C22H19O5NNa]+ requires m/z 400.1155. Found 
400.1163.  HPLC conditions: Chiralcel AD-H column (Diacel); 80/20 hexane/2-propanol; 











35% ee, 35:1 de; Colourless oil.  1H NMR (300 MHz, CDCl3, ppm) δ: 7.30-7.33 (m, 3H), 
7.24-7.22 (m, 2H), 6.10 (d, 1H, 4.58 (d, 2H, J = 4.9Hz), 3.26 (dd, 1H, J = 9.2Hz, 5.1Hz), 2.82 
(dd, 1H, J = 18.3Hz, 9.2Hz), 2.57 (dd, 1H, J = 5.2Hz, 18.5Hz)  1.67 (s, 3H), 1.29 (s, 9H); 13C 
NMR (75 MHz, CDCl3, ppm) δ: 24.4, 30.5, 31.2, 34.5, 42.3, 47.1, 86.7, 122.0, 125.6, 128.3, 
132.2, 151.1, 157.2, 170.9, 174.2, 174.3; IR (film): 3455, 2961, 1759, 1703, 1400, 1176 cm-1; 
LRMS (ESI) m/z 340.4 (M+H+), HRMS (ESI) Calc.[C20H23O4NNa]+ requires m/z 364.1519. 
Found 364.1508.  HPLC conditions: Chiralcel AD-H column (Diacel); 90/10 hexane/2-











40% ee, 15:1 de; Colourless oil. 1H NMR (300 MHz, CDCl3, ppm) δ: 7.34 (d, 1H, J = 
5.6Hz), 7.22-7.29 (m, 4H), 6.10 (d, 1H, J =3.0Hz), 4.57 (s, 2H), 3.26 (dd, 1H, J = 9.2Hz, 
5.0Hz), 2.85 (dd, 1H, J = 18.3Hz, 9.2Hz), 2.63 (dd, 1H, J = 18.5Hz, 4.9Hz,)  1.65 (s, 3H); 
13C NMR (75 MHz, CDCl3, ppm) δ: 24.3, 30.6, 41.9, 47.1, 86.6, 121.9, 128.9, 130.0, 133.6, 
134.1, 157.3, 170.8, 174.1, 174.0; LRMS (ESI) m/z 318.2 (M+H+), HRMS (ESI) 
Calc.[C16H14O4NClNa]+ requires m/z 342.0504. Found 342.0516. HPLC conditions: 
Chiralcel AD-H column (Diacel); 90/10 hexane/2-propanol; Flow rate 0.5 mL/min; λ = 230 
nm; 48.8 min (minor), 60.8 min 











40% ee; White solid, decomposes at 135.7-136.1oC.1H NMR (300 MHz, CDCl3, ppm) δ: 
7.45 (d, 1H, J = 2.8Hz, 7.33-7.37 (m, 1H), 7.21-7.24 (m, 2H), 7.06-7.09 (m, 1H), 6.10 (d, 1H, 
J =5.6Hz), 4.76 (s, 2H), 3.32 (dd, 1H, J = 9.2Hz, 5.2Hz), 2.93 (dd, 1H, J = 18.1Hz, 9.2Hz), 
2.75 (dd, 1H, J = 18.1Hz, 5.2Hz,)  1.67 (s, 3H); 13C NMR (75 MHz, CDCl3, ppm) δ: 24.4, 
30.6, 40.4, 47.2, 86.6, 121.6, 127.1, 128.7, 129.1, 129.3, 129.7, 131.9, 157.7, 170.9, 173.9, 
174.0; IR (film): 3451, 3022, 2404, 1643, 1217, 764 cm-1; LRMS (ESI) m/z 318.2 (M+H+), 
HRMS (ESI) Calc.[C16H14O4NClNa]+ requires m/z 342.0504. Found 342.0510. HPLC 
conditions: Chiralcel AD-H column (Diacel); 90/10 hexane/2-propanol; Flow rate 1.0 














Chiral Bicyclic Guanidines Catalyzed Oxo-Michael Reactions 
4.5 Preparation and characterization of Hydroxycarbamates and Maleimides 
Hydroxycarbamates were prepared using literature protocol.93 Maleimides 103a-k were also 
prepared using literature protocol.2 Bicyclic guanidine was synthesized via literature 
protocols.94 
4.6 Typical Experiment Protocols for reactions of Hydroxycarbamates and 
characterization of Oxo Michael Adducts 
4.6.1 Typical Experiment Protocols for reactions of Hydroxycarbamates and 
Maleimides catalyzed by guanidine catalyst 158 
Maleimides 103 (1 equiv) and hydroxycarbamates 156 (1.20 equiv) were added into a clean 
sample vial, followed by toluene to give a concentration of 0.25M. 10 mol% of catalyst 158 
was next added. The reaction was stirred at room temperature and monitored by TLC. The 
crude product was purified by flash column chromatography (hexane: ethyl acetate 2:1). 
Chiral products 169 were obtained. 
4.6.2 Characterization of Oxo Michael Adducts 
(157) Tert-butyl 2,5-dioxo-1-phenylpyrrolidin-3-yloxycarbamate 
 
44% ee; White solid, decomposes at 130.7-130.9oC. 1H NMR (300 MHz, CDCl3, ppm) δ: 
7.59 (s, 1H), 7.46-7.34 (m, 3H), 7.26-7.21 (m, 2H), 4.92 (dd, 1H, J = 7.9Hz, 5.6Hz), 3.23-









128.9, 129.2, 131.2, 156.7, 172.7, 173.3; IR (film): 3441, 3022, 1724, 1631, 1498, 1383, 
1214,  762, 510 cm-1; LRMS (ESI) m/z 328.9 (M+Na+), HRMS(ESI) Calc.[C15H18O5N2Na]+ 
requires m/z 329.1108. Found 329.1124.  HPLC conditions: Chiralcel IC column (Diacel); 
80/20 hexane/2-propanol; Flow rate 1.0 mL/min; λ = 230 nm; 14.9 min, 35.2 min 























 (169a) Tert-butyl 1-benzyl-2,5-dioxopyrrolidin-3-yloxycarbamate 
 
60% ee; Colourless oil. 1H NMR (300 MHz, CDCl3, ppm) δ: 7.60 (s, 1H), 7.27-7.37 (m, 5H), 
7.21-7.24 (m, 2H), 4.79 (dd, 1H, J = 7.9Hz, 5.3Hz), 4.67 (s, 2H), 4.76 (s, 2H), 2.93-3.10 (m, 
2H), 1.46 (s, 9H); 13C NMR (75 MHz, CDCl3, ppm) δ:28.0, 33.8, 42.4, 78.1, 82.9, 128.1, 
128.7, 135.1, 156.5, 173.4, 174.0; IR (film): 3507, 3022, 2405, 1718, 1635, 1427, 1218, 







requires m/z 343.1264. Found 343.1281. HPLC conditions: Chiralcel IB column (Diacel); 
80/20 hexane/2-propanol; Flow rate 1.0 mL/min; λ = 210 nm; 8.1 min, 10.2 min. 
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